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Department of Physics, Purdue University, West Lafayette, IndianaABSTRACT The excess oxygen concentration in the photosynthetic membranes of functioning oxygenic photosynthetic cells
was estimated using classical diffusion theory combined with experimental data on oxygen production rates of cyanobacterial
cells. The excess oxygen concentration within the plesiomorphic cyanobacterium Gloeobactor violaceus is only 0.025 mM, or
four orders of magnitude lower than the oxygen concentration in air-saturated water. Such a low concentration suggests that
the first oxygenic photosynthetic bacteria in solitary form could have evolved ~2.8 billion years ago without special mechanisms
to protect them against reactive oxygen species. These mechanisms instead could have been developed during the following
~500 million years while the oxygen level in the Earth’s atmosphere was slowly rising. Excess oxygen concentrations within
individual cells of the apomorphic cyanobacteria Synechocystis and Synechococcus are 0.064 and 0.25 mM, respectively. These
numbers suggest that intramembrane and intracellular proteins in isolated oxygenic photosynthetic cells are not subjected to
excessively high oxygen levels. The situation is different for closely packed colonies of photosynthetic cells. Calculations
show that the excess concentration within colonies that are ~40 mm or larger in diameter can be comparable to the oxygen con-
centration in air-saturated water, suggesting that species forming colonies require protection against reactive oxygen species
even in the absence of oxygen in the surrounding atmosphere.INTRODUCTIONThe evolution of oxygenic photosynthesis by cyanobacteria
~2.8 billion years ago (1) introduced oxygen to the Earth’s
atmosphere and oceans, causing dramatic changes in the
ecosphere of our planet (2). The accumulation of highly
reactive oxygen in the biosphere required preoxygenic
organisms to evolve extensive molecular mechanisms
to protect their organic constituents from oxidative damage.
Although nonoxygenic organisms had several hundred
million years to evolve such protective mechanisms before
significant amounts of oxygen accumulated 2.3 billion
years ago (1,3,4), the cyanobacteria had to deal with
elevated levels of oxygen from the early stages in their evo-
lution, since oxygen was generated within the organisms
themselves. If the level of oxygen produced within the first
oxygenic cyanobacteria was critically high, these species
would have had to evolve extensive protective mechanisms
simultaneously with the water-splitting machinery, making
this evolutionary breakthrough very complex. On the
other hand, if intracellular oxygen levels remained low in
functioning cyanobacteria, the evolution of water-splitting
proteins could occur first followed by the gradual develop-
ment of oxygen-protective mechanisms. This scenario is
more feasible, since the probability of a series of consequent
mutations is much higher than the probability of multiple
mutations occurring simultaneously.
One of the main producers of reactive oxygen species
(ROS) (5,6), and thus oxidative photo damage, in oxygenic
photosynthetic organisms are the (bacherio)chlorophyll ((B)
Chl) molecules, which serve as the main light-harvestingSubmitted October 7, 2013, and accepted for publication March 12, 2014.
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0006-3495/14/05/1882/8 $2.00cofactors. Upon light excitation, (B)Chls can relax into a
long-living triplet excited state, which can transfer its en-
ergy to the surrounding molecular oxygen with near 100%
quantum efficiency resulting in the formation of highly reac-
tive singlet oxygen, 1O2* (6–10). Isolated (B)Chl molecules
degrade within minutes when illuminated in the presence
of oxygen due to the generation of 1O2* (11). Singlet oxy-
gen is found to be the major reactive oxygen species
involved in photooxidative damage in plants (6,12). Since
the possible diffusion distance of 1O2* is only ~10 nm
(13), the protection mechanisms have to be incorporated
into the membrane proteins containing the (B)Chls. In mod-
ern photosynthetic organisms, carotenoid (14) molecules
are typically positioned close to (B)Chl molecules (within
~4 A˚), allowing for rapid transfer of triplet excitations
from Chl to Car, where this energy is safely dissipated as
heat via internal conversion, thus preventing singlet oxygen
generation (15).
In addition to singlet oxygen, electron transfer reactions
within a living organism can also produce superoxide,
peroxide, and hydroxyl radicals (10,16–18). These ROS
usually escape into a cell and are scavenged at a later
time by specialized enzymes such as superoxide dismutases
(SODs), catalases, and peroxidases (16,19). In the case
of oxygenic photosynthetic cyanobacteria, the majority of
these ROS (in particular superoxide) are generated at the
FA and FB iron-sulfur centers of photosystem I (18,20).
Note that in oxygenic photosynthetic bacteria, protection
against these ROS are less critical than protection against
singlet oxygen, since, for example, a cyanobacterium
mutant lacking SOD was able to grow phototrophically
under aerobic conditions (21), whereas carotenoid free
mutants of photosynthetic bacteria were not (22–24).http://dx.doi.org/10.1016/j.bpj.2014.03.031
Oxygen Concentration 1883Knowledge of the intracellular oxygen level in func-
tioning photosynthetic organisms is also critical for
numerous in vitro experiments, which are typically per-
formed in either aerobic or anaerobic conditions. Since
oxygen is constantly generated in the oxygenic photosyn-
thetic membrane, actual oxygen concentration within a
functioning photosynthetic cell may be significantly higher
than the ambient oxygen level. The importance and the
possible effect of that higher oxygen concentration on the
studied functions of proteins in such environments may
not be negligible. However, that possibility is usually
ignored. Knowledge of oxygen concentration inside photo-
synthetic membranes and the effect of oxygen on the pro-
teins embedded in them would benefit both past and
future experiments.
Oxygen concentration in functioning colonies of photo-
synthetic cells such as mats has been shown to exceed the
atmospheric equilibrium concentration (25). Based on this
fact, Raven and Larkum suggested that the intracellular ox-
ygen concentration must be high (26). However, direct mea-
surement of the oxygen concentration inside a single cell is
a challenging task. For example, Belkin et al. used nitroxide
spin-probe broadening EPR spectroscopy and estimated
oxygen contents of functioning cells to be a few mM (27).
The authors, however, admitted that the sample was a highly
condensed solution of cells confined in a small closed vol-
ume, and in the course of the experiment, significant levels
of oxygen could have accumulated that are not representa-
tive of a single cell. Earlier attempts to measure intracellular
oxygen concentration by invasive oxygen electrode tech-
nique were inconclusive, due to the possibility of the cell
being physically damaged (28–30).
In this work, we estimate oxygen levels in functioning
photosynthetic cells using well-developed classical diffu-
sion theory (31) combined with experimental data on
oxygen production by single cells. The classical diffusion
theory has been successfully applied to problems like this
in the past (see, e.g., Parkhurst (32) and references therein).
We will develop and apply the model to three species:
Gloeobactor violaceus, Synechocystis, and Synechococcus.
We have chosen Gloeobacter violaceus because this organ-
ism is the oldest known cyanobacterium with the most prim-
itive cell structure, making it the closest living analog of the
first oxygenic photosynthetic organisms. The other two spe-
cies are more modern cyanobacteria that are commonly used
to study various aspects of photosynthesis. In particular,
we show that due to rapid oxygen diffusion, oxygen levels
in functioning single bacteria remain very low (%0.25 mM
above the natural concentration of oxygen in air-saturated
water). This concentration is sufficiently low to suggest
that in the oxygen-free atmosphere of ancient Earth, the
first cyanobacteria could have survived without the need
to develop special photoprotection mechanisms, provided
that the first oxygenic bacteria did not tend to form colonies.
In contrast, the oxygen levels in dense cell colonies areshown to be significantly higher, and such organisms could
not have survived without elaborate mechanisms to deal
with ROS.THEORY
The excess oxygen concentration within a functioning
photosynthetic cell is determined by dynamic equilibrium
between the oxygen production rate within the cell and
the rate of oxygen diffusion out of the cell.Diffusion of oxygen
Transport phenomena in the biological world can be well
described by the classical theory of diffusion, governed by
Fick’s law (33),
~J ¼ DV
/
C; (1)
where J is the net flux of particles, D is the diffusion coef-
ficient, and C is the concentration of diffusing particles as
a function of position and time. In homogeneous media at
fixed temperature, the diffusion coefficient, D, is constant
and the flux of particles is proportional to the concentration
gradient and occurs in the direction of lower concentration.
The above equation will be used to describe oxygen diffu-
sion through the water surrounding photosynthetic cells,
for which D ¼ 2.0  109 m2/s at room temperature (34).
On its way out of the cell, oxygen will cross several bar-
riers: the photosynthetic (thylakoid) membrane, in which it
is produced, the plasma membrane, the peptidoglycan, and
the outer membrane.
The diffusion of small molecules through a barrier is
described by the equation (33)
J ¼ PDC; (2)
where P is the permeability of the barrier and DC is the con-
centration difference across the barrier. The oxygen perme-
ability coefficient for the lipid portion of a thylakoid
membrane was measured by Ligeza et al. to be 39.5 cm/s
(35). Note that the permeability of oxygen through water
of the same thickness (Dr ¼ 6 nm (36)) is Pwater ¼ D/
Dr¼33.3 cm/s. In other words, the lipid portion of the mem-
brane is not a barrier to oxygen diffusion. However, proteins
embedded within the membrane are known to be imperme-
able to oxygen molecules (37,38), and the thylakoid is
known to be protein-rich, with proteins occupying up to
80% of the membrane surface (39). This will reduce the
permeability of the thylakoid by a factor of 5, and therefore
we will model the thylakoid membrane using the perme-
ability Pt ¼ 8 cm/s.
The permeability of the cell membrane to oxygen has
not been directly measured. However, the cell membrane
is essentially similar in its overall composition to theBiophysical Journal 106(9) 1882–1889
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only 30% of its area has been shown to be occupied by pro-
teins (40). Thus, the permeability of the plasma membrane
is Pp ¼ 28 cm/s.
The final barriers for oxygen on the way out of the cell
are the peptidoglycan layer and the outer membrane. The
peptidoglycan layer has a perforation size of ~15 nm, with
a separation distance of ~10 nm between neighboring per-
forations (41). Outer membranes are very porous and have
been shown to block only large protein molecules (with
mass R25 kDa) and let smaller particles through freely
(42,43). Thus, we assume that both the peptidoglycan layer
and the outer membrane have negligible influence on oxy-
gen diffusion.Single isolated cell (in still water)
A single cell was modeled as a sphere of radius R (Fig. 1),
which produces oxygen in the photosynthetic membrane
close to the outer membrane. Oxygen number flux density
through area dA is given by Fick’s law (Eq. 1):
J ¼ d
2N
dtdA
¼ DdC
dr
; (3)
where N is the number of oxygen molecules that cross the
cross-sectional area dA in time dt, D is the diffusion coeffi-
cient of oxygen in water, C is the oxygen concentration, and
r is the distance from the center of the cell to dA. The spher-
ical symmetry implies that diffusion occurs radially, and
Eq. 3 is thus written in one dimension, r.
In dynamic equilibrium, all oxygen produced by the cell
in time dt must cross an arbitrary surface enclosing the cell
within the same time interval, i.e., the total outward flux is
equal to the rate of oxygen production by the cell, Kout.
Thus, for the enclosing spherical surface of radius r > R,
the total outward particle flux (4pr2J) is equal to Kout.
Combining this with Eq. 3 we can writeFIGURE 1 Spherical model of a single photosynthetic cell of radius R (or
colony of radius W). dA is a cross-sectional area on an imaginary spherical
surface, r is the distance from the center of the cell/colony to the surface.
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DdC
dr

¼ Kout; (4)
which has the solution
CðrRRÞ ¼ Kout
4pDr
þ C0; (5)
where C is the oxygen concentration outside the cell at a dis-
tance r from its center, and C0 is the oxygen concentration
far from the cell, i.e., C0¼ C(r¼N). In the case of air-satu-
rated water, C0 ¼ 230 mM (44), where micromolar units
(mM) are conventionally used to denote molar concentration
on a per liter basis (1 mM ¼ 1 mmol/L). Note that C0 varies
slightly with changing temperature and ionic strength (44).
Using Eq. 5, the oxygen concentration immediately outside
of the cell is calculated to be
CðRÞ ¼ Kout
4pDR
þ C0: (6)
Concentration difference across the membrane
Using Eq. 2, the difference in oxygen concentration across
the membrane can be expressed as
jDCj ¼ Jðr ¼ RÞ
P
¼ Kout
4pR2P
: (7)
This difference must be added to the value calculated by
Eq. 6, C(R), to obtain the oxygen concentration within the
cell. Note that in the presence of multiple membrane layers,
the respective DC values will add up. Also note that the con-
centration of oxygen inside the bulk of the cell is constant,
since all oxygen sources are located near the cell perimeter.Local oxygen concentration around PS II
Since the oxygen is produced in the oxygen-evolving com-
plex within the photosystem II complex (PSII), one might
expect that the local concentration of oxygen in the vicinity
of PSII could build up. However, the maximum rate at which
PS II can produce oxygen is relatively slow, k ~ 250 s1 (45),
andwe can estimate the distance that an oxygenmolecule can
travel before another oxygen molecule is generated by the
same PSII as ðD=kÞ1=2z3mm.This distance is comparable
to the size of a bacterial cell itself, implying that the concen-
tration of oxygen near PSII is essentially the same as in the
other areas of the cell.Spherical colony of cells
We will only consider a spherical cluster of photosynthetic
cells, though the same approach can be easily adapted to
treat colonies of other shapes, such as cyanobacterial mats.
Oxygen Concentration 1885A large spherical cluster of cells is approximated as a
continuous oxygen source distributed uniformly throughout
the spherical volume of radiusW (Fig. 1). Inside the colony,
the oxygen production rate density is defined as the number
of O2 molecules generated per unit volume per unit time:
r ¼ d
2N
dVdt
: (8)
Outside the colony, oxygen concentration dependence on
distance r is exactly the same as for a single cell (Eq. 5),
where Kout ¼ rð4=3ÞpW3:
CðrRWÞ ¼ rW
3
3Dr
þ C0: (9)
In dynamic equilibrium, the oxygen production rate within a
sphere of radius r <W has to be equal to the flux of oxygen
through the surface of that sphere:
4pr2J ¼ r 4
3
pr3: (10)
Combining Eqs. 3 and 10, we obtain the differential
equation
3DcdC ¼ rrdr; (11)
where Dc denotes the average oxygen diffusion coefficient
within the colony. Solving the differential equation and
applying the boundary conditions at r ¼W (Eq. 9) results in
Cðr<WÞ ¼ rðW
2  r2Þ
6Dc
þ rW
2
3D
þ C0: (12)
It can be shown easily that the average diffusion coefficient
within the colony, Dc, can be estimated by
1
Dc
¼
X
i
fi
Di
; (13)
where on the way out oxygen passes areas with different
diffusion coefficients,Di, each having fractional thickness fi.
Note that this approach does not take into account sunlight
intensity variations within the colony due to light absorption
and thus provides an upper limit for oxygen concentration.RESULTS
The modeled species
Gloeobactor violaceus, unlike other modern cyanobacteria,
possesses plesiomorphic structural features and does not
have a thylakoid membrane (46). Phylogenetic studies agree
thatGloeobactor violaceus is the most ancient extant cyano-
bacterium (47–51). Yet Gloeobactor violaceus has all the
machinery in its plasmic membrane that is needed to performoxygenic photosynthesis (52). This organism is the closest
analog of the first oxygenic photosynthetic bacterium on
the Earth to experience the impact of reactive oxygen.
In contrast, Synechocystis and Synechococcus are apo-
morphic cyanobacterial species that are commonly used to
study different aspects of photosynthesis (53).
Gloeobacter violaceus and Synechocystis cells are both
~1 mm in radius (36,46). Synechococcus cell sizes vary be-
tween 0.8 and ~1.5 mm in diameter, and R ¼ 0.5 mm for
these species will be used in calculation below (54).Oxygen production rate by a single cell
Oxygen production rate ofGloeobacter violaceus under high
light has been measured to be 125 mmol O2/mg Chl/h (52).
The Chl a content of a single cell under similar light condi-
tions was measured elsewhere to be 1.2  107 molecules/
cell (55). Combining these data with the molecular weight
of Chl a yields the oxygen production rate per single cell:
Kout ¼ 125 mmol O2
1 mg Chl=h
893:51 g=mol
NA
1:2  107Chl
cell
¼ 6:2  1019mol=s (14)
where NA is Avogadro’s number, 6.02  1023 mol1.
In a similar way, using experimental data for Synechocys-
tis (52,56), we obtain
Kout ¼ 250 mmol O2
1 mg Chl=h
893:51 g=mol
NA
1:4  107Chl
cell
¼ 1:4  1018mol=s: (15)
And for Synechococcus, using data published in (54):
Kout ¼ 320 mmol O2
1 mg Chl=h
3:00 mg Chl
108cells
¼ 2:7  1018mol=s:
(16)
The numbers above correspond to the light conditions under
which the oxygen production rate per cell is maximal, as
we are interested in estimating the upper limit for oxygen
concentration.Oxygen concentration in an isolated single cell in
water
Gloeobacter violaceus
This cyanobacterium does not contain thylakoidmembranes.
Instead, its plasmic membrane contains all the proteins
needed for oxygenic photosynthesis (46). We assume that
the plasmic membrane is similar to the thylakoid membrane,
with Pt ¼ 8 cm/s. Combining this with Eqs. 6, 7, and 14, we
obtain an oxygen concentration ofC(R)¼ 0.024 mMþC0 on
the outside surface of the cell and a concentration differenceBiophysical Journal 106(9) 1882–1889
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Thus, the oxygen concentration within the cell will be only
0.025 mM higher than the average concentration C0 in the
surrounding water.
Synechocystis
Equations 6 and 15 lead toC(R)¼ 0.057 mMþC0. This bac-
terium contains approximately six layers of thylakoid mem-
brane (Pt¼ 8 cm/s) adjacent to the plasmic membrane (PC¼
28 cm/s) that are separated by ~50 nm (36). Since oxygen is
produced within thylakoid membranes, the layers farther out
experience progressively larger oxygen flux. Taking that into
account, and applyingEq. 7 repeatedly for all sixmembranes,
the total concentration difference across all themembranes is
DCtot ¼ 7.3  103 mM. The maximum oxygen concentra-
tion inside the cell is thus 0.064 mM higher than the average
concentration, C0, in the water.
Synechococcus
Equations 6 and 16 result in C(R) ¼ 0.21 mM þ C0. This
bacterium contains on average four thylakoid membranes,
which results in DCtot ¼ 3.7  102 mM. Combining the
values C(R) and DCtot, the excess oxygen concentration
within the cell is 0.25 mM above C0.
The oxygen concentration as a function of the distance
from the center of the cell is shown in Fig. 2 for all species.
Note that oxygen concentration within the cells is constant,
since all the oxygen sources are in the vicinity of the outer
membrane.Oxygen level within a spherical colony of cells in
still water
The purpose of this section is to estimate the size of a colony
of photosynthetic cells for which the oxygen concentrationFIGURE 2 The oxygen concentration inside a cyanobacterium as a func-
tion of distance from the center of the cell. The left scale corresponds to the
case of an air-saturated water environment where C0 ¼ 230 mM, and the
right scale shows the excess oxygen concentration for the case where
C0 ¼ 0. To see this figure in color, go online.
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we consider Synechococcus, which is known to form
colonies. Assuming that a colony is comprised of closely
packed cells with average radiusR¼ 0.5 mm, each producing
oxygen at a rate of 2.7  1018 mol/s, the density of oxygen
production rate is r z 2.7 mol/s/m3. Micrographs of a
Synechococcus cell (54) show that membranes constitute
only a small fraction of the cell, and the average oxygen diffu-
sion rate is Dc z 1.8  109 m2/s according to Eq. 13.
Substituting these numbers into Eqs. 9 and 12, the oxygen
concentration as a function of distance was calculated for
a colony of radius W ¼ 30 mm (Fig. 3 A). Fig. 3 B shows
the concentrations of oxygen in the center of the colony
and on its surface as a function of the radius of the colony.
Note that these numbers represent an overestimate, since
the possible decrease in sunlight intensity as it propagates
through the colony was not taken into account. Note that
these calculations represent the worst-case scenario when a
colony is in still water. In the casewhere a colony is in flowing
water (e.g., a stream), the concentration will be somewhat
lower, since outside of the colony, oxygen has to diffuse
only through a relatively thin boundary layer of still water
before it is washed away by moving water (57,58).DISCUSSION
Single bacterium
For all modeled photosynthetic single cells, the excess oxy-
gen concentration within the cell is negligible compared
with the oxygen concentration of 230 mM, which is typical
for air-saturated water. As expected, the most primitive
known cyanobacterium, Gloeobacter violaceus, generates
the lowest excess oxygen level of 0.025 mM or ~0.01%
of ambient oxygen concentration. In Synechocystis and
Synechococcus, the excess concentration is substantially
higher, 0.064 mM and 0.25 mM, respectively, but still well
below the ambient oxygen concentration.FIGURE 3 (A) Oxygen concentration as a function of the distance from
the center of a colony of Synechococcuswith radius 30 mm. (B) The oxygen
concentration at the center (r ¼ 0; red) and at the edge (r ¼ W; blue) of a
colony as a function of the colony radius. The level at which oxygen is
expected to form bubbles is shown by a dashed line. To see this figure in
color, go online.
Oxygen Concentration 1887The low excess oxygen concentration in individual func-
tioning photosynthetic cells also suggests that the first
oxygenic photosynthetic bacteria in the oxygen-free envi-
ronment of ancient Earth (C0 z 0) could emerge without
the extensive modifications needed for protection against
reactive oxygen species. Such photoprotective mechanism
could have developed later during the ~500 million year
period when the ambient oxygen level was slowly rising.
To support the latter point, we begin with an estimation of
the critical oxygen concentration below which a cell could
survive without the need for special protection mechanisms,
assuming that the major source of photodamage in the
photosynthetic bacteria is singlet oxygen produced by un-
quenched (B)Chl triplet states. Under full sunlight, mono-
meric (B)Chls are excited at a rate of ~10 s1. Due to
efficient intersystem crossing, up to about half of the excited
monomeric (B)Chls end up in triplet excited states (8).
Under air-saturated conditions (C0 ¼ 230 mM), these states
are quenched by molecular oxygen with ~100% quantum
efficiency, resulting in the production of significant quanti-
ties of singlet oxygen that can destroy the (B)Chls, as well
as other cell constituents. We define the critical oxygen
concentration, Ccrit, as the oxygen level at which the rate
of intrinsic triplet-state decay, kint, is equal to the oxygen
mediated quenching rate. The intrinsic decay rate of triplet
excited states for various (B)Chl molecules at room tem-
perature has been shown to be kint z (400 ms)
1 (59).
The oxygen-mediated quenching rate depends on oxygen
concentration and is given by the product ðkO2CO2Þ,where
kO2 is the diffusion-limited quenching rate of triplet chloro-
phyll by oxygen in water and CO2 is the oxygen concentra-
tion. The value of kO2 in water has not been measured, but
it can be estimated based on its value measured in other
solvents (7), since kO2 is proportional to the diffusion rate
of oxygen (60). The relevant triplet Chl quenching rate by
oxygen was measured in isopropanol, kO2,ip ¼ 1.9  109
M1 s1 (61). Using the known oxygen diffusion rate in
isopropanol, Dip ¼ 3.3  109 m2/s (60) and in water,
we obtain kO2z 1.1  109 M1 s1 in water. The critical
oxygen concentration is obtained by equating the two
quenching rates:
Ccrit ¼ kint
kO2
z
ð400 msÞ1
1:1  109M1s1 ¼ 2:3 mmol=L:
Note that at oxygen concentrations above Ccrit, the singlet
oxygen production rate saturates and depends only on the
rate at which triplet (B)Chls are formed. Below Ccrit, the
rate of singlet oxygen formation becomes proportional to
the oxygen concentration.
The oxygen concentration inside a functioning cell of ple-
siomorphicGloeobacter violaceus exceeds the ambient con-
centration by only 0.02 mM, which is 100 times less than the
estimated critical limit and is also comparable to or even
lower than the oxygen levels achieved in anaerobic cham-bers. It is thus feasible that the very first solitary cyanobac-
teria, which may have had even lower oxygen production
rates, could have survived in an oxygen-free environment
without special photoprotective mechanisms to counter
the formation of singlet oxygen by (B)Chls. This possibility
is supported by the work of Frigard et al. (51), who
showed that CrtB mutants of the photosynthetic bacterium
Chlorobium tepidum, which lack carotenoids, can grow
phototrophically in an anaerobic chamber. However, apo-
morphic Synechococcus may be too close to the critical ox-
ygen limit and has most probably evolved from bacteria that
already have developed ROS protection mechanisms.
Unlike the singlet-oxygen production rate, the rate of
superoxide and peroxide generation is first-order in oxygen
concentration, even in air-saturated conditions (62,63).
Since the oxygen concentration inside a functioning cell
ofGloeobacter violaceus exceeds the ambient concentration
by only 0.02 mM, the rate at which these ROS are produced
would drop by a factor of 104 for isolated cells in anaerobic
conditions compared to aerobic conditions. Taking into
account that cyanobacterial cells lacking SOD can grow
phototrophically even under aerobic conditions (21), it is
expected that the effect of these ROS is not significant for
solitary cells in an anaerobic environment.
An additional factor influencing the growth of the first
cyanobacteria could have been ozone generated by solar
radiation, since the stratosphere of Archaean Earth lacked
an ultraviolet-blocking ozone layer (64). However, the
ratio of ozone to oxygen in the stratosphere of present-day
Earth only reaches ~5  105 (65), which amounts to an
average of ~0.05 molecules of ozone per cell ofGloeobacter
violaceus, an amount that is hardly of significance
(assuming an oxygen concentration of 0.02 mM).Colony
As expected, oxygen levels within a functioning colony
can be significantly larger than the ambient oxygen level
(Fig. 3). When the size of the colony approaches ~40 mm,
oxygen levels can be around five times larger than the cur-
rent atmospheric level, and bubbles of oxygen could form.
Such bubbles have been observed in photosynthetic mats
(25) that typically have a thickness on the order of a milli-
meter. Thus, colonies of cyanobacteria should have elabo-
rate protection mechanisms against ROS even in anaerobic
environments.
Note that although the cyanobacteria discussed in this
work can live solitarily, they can also form colonies
(50,66). In the latter form, they would require extensive
ROS protection mechanisms to evolve, even in the anoxy-
genic conditions of Archaean Earth. It is thus more feasible
that the first cyanobacteria that showed signs of oxygenic
photosynthesis lived solitarily, but that due to their lack of
protection against ROS they could not survive in the
oxygenic atmosphere of the modern Earth.Biophysical Journal 106(9) 1882–1889
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The excess oxygen concentration within a functioning
photosynthetic cell is shown to be 103–104 times smaller
than the ambient oxygen concentration in air-saturated wa-
ter. It is thus feasible that the first primitive cyanobacteria
may have developed water-splitting machinery without the
need to develop special protection mechanisms against
photooxidative damage in the oxygen-free atmosphere of
Archaean Earth. Given such a scenario, the first oxygenic
photosynthetic bacteria must have lived solitarily, since
closely packed colonies as small as ~40 mm can produce
excess oxygen concentrations comparable to current
ambient oxygen concentrations.
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